All relevant data are within the paper and its Supporting Information files. All nucleotide sequence files are available from the NCBI database (GenBank accession number KX373959 to KX373991).

Introduction {#sec001}
============

Tea \[*Camellia sinensis* (L.) O. Kuntze, family *Theaceae*\] is an economically important, non-alcoholic caffeine-containing beverage crop cultivated for its leaf. India is currently the foremost producer, consumer and exporter of commercial tea. Tea is grown in over 36, 91,938 ha with an annual production of 4066.60 million kg globally, and India contributes 28% of world tea production with 21% of the area covered under tea cultivation \[[@pone.0182302.ref001]\]. The major tea growing areas in India are Assam, Darjeeling, the Nilgiri and other places in South India. The quality, flavour, aroma and other important traits of Darjeeling tea are primarily attributable to its geographical origin. Darjeeling district is located within the lesser and Sub-Himalayan belts of the Eastern Himalayas at an elevation of 6,700 ft. The Darjeeling hill area represents a unique geo-environmental perception and tea is grown here at up to 2000 m above mean sea level. In Darjeeling, tea is cultivated in over 17,820 ha with annual production of 8.91 million kg.

Tea plants are perennials and are mostly grown in a warm and humid climate, and their peculiar cultivation condition makes them more disease prone \[[@pone.0182302.ref002]\]. For the control of tea disease, chemicals are very commonly used in tea fields, which also cause environmental pollution and resistance among the target organisms. Therefore, microbial biological control has drawn attention and has been considered as a potential alternative to chemicals inputs \[[@pone.0182302.ref003]\]. In addition, the extensive use of chemicals such as fertilizers, fungicides and pesticides in tea fields for a prolonged period of time deteriorated the tea production and also reduced the soil fertility \[[@pone.0182302.ref004], [@pone.0182302.ref005]\]. Therefore, there is a need for eco-friendly alternative approach which can reduce the use of chemical application. However, the plant growth promoting rhizobacteria (PGPR) are considered as one of the most promising among the soil microorganisms to enhance plant health and growth rate without environmental contamination \[[@pone.0182302.ref006], [@pone.0182302.ref007]\].

The PGPR inoculants have been developed and applied in different agricultural crops like chilli \[[@pone.0182302.ref008]\], lentil \[[@pone.0182302.ref009]\], common bean \[[@pone.0182302.ref010]\], rice \[[@pone.0182302.ref011]\], tomato \[[@pone.0182302.ref012]\] and pepper \[[@pone.0182302.ref013]\] as biocontrol and biofertilizer agents. Although, the genetic diversity of PGPR has been reported in different crops such as wheat \[[@pone.0182302.ref014], [@pone.0182302.ref015]\], common bean \[[@pone.0182302.ref016]\], rice \[[@pone.0182302.ref017]\] and maize \[[@pone.0182302.ref018]\]. Hence, the study of PGPR is relatively advanced in different agricultural systems. Though, the PGPR associated with tea rhizosphere soil was reported previously \[[@pone.0182302.ref004], [@pone.0182302.ref005], [@pone.0182302.ref019], [@pone.0182302.ref020]\], however, research on PGPR associated with the tea crop still requires much further study. Hence, understanding and utilization of the root associated bacteria with the aim of growth promotion and sustainable tea cultivation in tea growing areas is important. In this study, the molecular techniques have been applied to investigate the genetic diversity of tea PGPR. PCR-based genotyping methods such as amplified ribosomal DNA restriction analysis (ARDRA) and amplification of repetitive extragenic palindromic-PCR (rep-PCR) like BOX-PCR are the strong suitable tools to evaluate microbial diversity in wide environmental microbial samples \[[@pone.0182302.ref021]\].

In the present study, an attempt was made to explore the functional and genetic diversity of culturable rhizobacteria in seven distinctly located tea estates of Darjeeling. The efficacy of the PGPR isolates was evaluated by plant growth promotion experiment on two different tea clones in nursery conditions. This study underlines the importance of the efficient plant growth enhancing rhizobacterial population associated with commercially cultivated tea plant in Darjeeling district, West Bengal, India. Microbial based bio-formulation containing this sort of PGPR can be used for sustainable tea cultivation in tea growing areas.

Materials and methods {#sec002}
=====================

Site description {#sec003}
----------------

Darjeeling is a small district located in the extreme north of the Indian state of West Bengal. It is situated in the Sub-Himalayan belt of the Eastern Himalayan range at an elevation of 6,700 ft. The soils in this region are mainly mixed sandy loam and silty. The temperature during summer reaches 18°C-20°C on the ridge and it drops up to 7°C-5°C during winter. The total annual rainfall in tea growing areas ranges from 1700 to 2500 mm with high humidity, dense fog and mist.

Sample collection and isolation of tea rhizobacteria {#sec004}
----------------------------------------------------

All the rhizospheric soil samples of tea plants were collected in May, 2013 from seven different tea estates of Darjeeling, India i.e Gielle tea estate (27°00′52.27″N and 88°23′10.47″E, Elevation 871 m), Teesta Valley tea estate (27°00′44.55″N and 88°24′16.92″E, Elevation 1006 m), Barnesbeg tea estate (27°06′10.63″N and 88°15′53.30″E, Elevation 850 m), Rangli-Rangliot tea estate (27°01′27.60″N and 88°21′17.90″E, Elevation 1336 m), Namring tea estate (27°00′50.83″N and 88°22′12.24″E, Elevation 1011 m), North-Tukvar tea estate (27°05′42.53″N and 88°15′29.83″E, Elevation 975 m) and Ging tea estate (27°04′30.23″N and 88°17′58.67″E, Elevation 1066 m) as shown in [Fig 1](#pone.0182302.g001){ref-type="fig"}. For sample collection and isolation of rhizobacteria, we followed the same methodology as described in our previous work \[[@pone.0182302.ref020]\]. Soil samples were collected from rhizosphere zone about 5--25 cm depth. The area of the tea estates was divided into five blocks, from each block the samples were collected from five randomly selected healthy tea plants containing roots and root-adhered soil. Then, the five root soil samples from each block were pooled into one composite sample, resulting to a total of five composite samples. The soil samples were collected in sterile plastic bags and carried to the laboratory in an ice box.

![Map showing the location of sample collection sites.](pone.0182302.g001){#pone.0182302.g001}

The collected soil samples were processed for isolation of rhizobacteria immediately after reaching the laboratory. Rhizobacterial isolation was carried out by the conventional serial dilution method where 1 g of the soil with roots was suspended in 100 mL of saline solution (NaCl, 9 gL^-1^) and then kept at 30°C for 30 min with shaking (200 rpm) in an orbital shaker (New Brunswick Scientific, USA). The soil was then serially diluted up to 10^−6^ dilution using sterile saline. The samples were then agitated at maximum speed using vortex and an aliquot of 100 μL of each dilution was evenly spread plated over the surface of isolation media such as nutrient agar (NA), *Pseudomonas* agar (PA), *Azotobacter* media (AM) and *Azospirillum* agar (AS) procured from HiMedia, Mumbai, India. Plates were incubated at 30°C for 12--48 h and rhizobacterial colonies appeared on the isolation plates were counted. The population density of the rhizobacteria was measured by determining the number of colony forming unit (CFU) or total bacteria per gram of rhizosphere soil ([Table 1](#pone.0182302.t001){ref-type="table"}). The morphologically distinct bacterial colonies were selected from isolation plates based on the bacterial colony morphology such as shape, size, elevation, opacity and margin. The selected bacterial isolates were subcultured to purify and maintained in 15% glycerol vials, in -80°C for future use. Gram staining of the bacterial isolates was performed and observed under light microscope (40X, Motic BA410 trinocular Microscope).

10.1371/journal.pone.0182302.t001

###### Location, soil type and number of bacteria isolated from tea rhizosphere soil samples collected from the tea estate of Darjeeling.

![](pone.0182302.t001){#pone.0182302.t001g}

  Tea estates                  Location                                        Soil type (USDA)      pH    CFU g^-1^ range      Number of isolates
  ---------------------------- ----------------------------------------------- --------------------- ----- -------------------- --------------------
  Gielle tea estate            27°00′52.27″N 88°23′10.47″E, Elevation 871 m    Sandy loam            4.3   6×10^4^−3 ×10^6^     20
  Teesta Valley tea estate     27°00′44.55″N 88°24′16.92″E, Elevation 1006 m   Sandy loam            4.1   5×10^4^−2×10^6^      21
  Barnesbeg tea estate         27°06′10.63″N 88°15′53.30″E, Elevation 850 m    Sandy loam            4.5   4×10^4^--3.2×10^6^   20
  Rangli-Rangliot tea estate   27°01′27.60″N 88°21′17.90″E, Elevation 1336 m   Sandy loam and clay   4.2   4×10^4^−1.2 ×10^6^   15
  Namring tea estate           27°00′50.83″N 88°22′12.24″E, Elevation 1011 m   Sandy loam            4.4   4×10^4^−2 ×10^6^     18
  North-Tukvar tea estate      27°05′42.53″N 88°15′29.83″E, Elevation 975 m    Sandy loam, silty     4.6   8×10^4^−5 ×10^6^     32
  Ging tea estate              27°04′30.23″N 88°17′58.67″E, Elevation 1066 m   Sandy loam            4.2   4×10^4^−2 ×10^6^     24

Fungal cultures {#sec005}
---------------

The test fungal pathogens *Pestalotiopsis theae* (ITCC 6599), *Curvularia eragrostidis* (ITCC 6429), *Glomerella cingulata* (MTCC 2033), *Rhizoctonia solani* (MTCC 4633) and *Fusarium oxysporum* (MTCC 284) were used in this study. Foliar fungal pathogen *Nigrospora sphaerica* (KJ767520) reported from Darjeeling tea plantation \[[@pone.0182302.ref022]\] was also used as test pathogen. The fungal pathogens were cultured in potato dextrose agar (PDA) medium at 25°C. The fungal pathogens were procured from the Microbial Type Culture Collection (MTCC), Institute of Microbial Technology, Chandigarh, India and Indian Type Culture Collection (ITCC), Indian Agricultural Research Institute, New Delhi, India.

*In vitro* screening of tea rhizobacteria for antifungal activity {#sec006}
-----------------------------------------------------------------

The rhizobacterial isolates were subjected to evaluation of their antagonistic activity against the tea pathogenic fungi *P*. *theae*, *N*. *sphaerica*, *C*. *eragostidis*, *G*. *cingulata*, *R*. *solani* and *F*. *oxysporum* on PDA medium. The bacterial broth cultures were adjusted to 1×10^8^ CFU mL^-1^ and a loopful of bacterial cultures was streaked equidistantly on the edge of the PDA plates. The fungal agar plug (5 mm) of the test fungal mycelium grown on the PDA plate was placed at the centre of the plate between the bacterial streaked lines. The plates were incubated at 28±2°C for 5 days. Control plates were prepared with the fungal agar plug without the bacterial streaks. The antagonistic activity was evaluated by comparing the fungal mycelial diameter on control and test plates, and the percentage of inhibition was calculated by using the formula C-T/C×100, where C and T are the fungal mycelial diameter on control and the test plate respectively \[[@pone.0182302.ref023]\].

*In vitro* screening for antifungal traits {#sec007}
------------------------------------------

### Siderophore production {#sec008}

The detection of siderophore production was done by using Chrome Azurol S (CAS) agar medium as described previously \[[@pone.0182302.ref024]\]. The siderophore was developed by forming the ternary complex chrome azurol S/Fe(III)/hexadecyltrimethylammonium bromide as an indicator and formed orange halos around the bacterial colonies. The quantification of siderophore was carried out by the method described by Patel et al. \[[@pone.0182302.ref025]\] in which 0.5 mL of culture supernatant was mixed with 0.5 mL of CAS reagent. The experiment was performed with three replicates. The uninoculated medium was considered as reference and the absorbance was read in the multimode reader (Varioskan flash, Thermo Scientific, USA) at 630 nm. Siderophore content in the sample was calculated by using the following formula: $$\%\text{siderophore~units} = \text{Ar} - \text{As}/\text{Ar} \times 100$$ Where, Ar and As are absorbance of reference (CAS reagent) and absorbance of sample at 630 nm.

### Activity of chitinase, cellulase and protease of rhizobacterial isolates {#sec009}

The bacterial isolates were screened for the chitinase production by spot plate assay. For chitinase assay, colloidal chitin was prepared as described previously \[[@pone.0182302.ref026]\]. The nutrient broth (NB) media amended with 1% colloidal chitin was prepared for chitinase assay. The bacterial isolates were spotted on the plates and incubated at 30°C for 48 h to observe the clear zones around the bacterial colonies. The clear zones showed around the bacterial colonies were considered as positive chitinase activity. The cellulase activity was screened by spot inoculation of bacterial isolates on carboxymethylcellulose (CMC) agar medium. The plates were incubated at 30°C for 48 h. The gram's iodine solution was poured on the CMC plates to observe the clear zones around the bacterial colonies \[[@pone.0182302.ref027]\]. The isolates showed the clear zones were considered as positive for cellulase activity. The extracellular protease production was screened by skim milk agar. The bacterial isolates were spotted on the surface of the medium. The protease production was determined by the formation of the clear zone surrounding the bacterial isolates due to the breakdown of milk protein \[[@pone.0182302.ref028]\]. The isolates showed the clear zones were considered as positive for protease activity.

*In vitro* screening for plant growth promoting (PGP) traits {#sec010}
------------------------------------------------------------

The rhizobacterial isolates were screened for a wide array of PGP traits. Indole acetic acid (IAA) production was tested using Salkowski's reagent as described by Gordon and Weber \[[@pone.0182302.ref029]\]. Phosphate solubilisation was determined using the protocol as previously described \[[@pone.0182302.ref030]\]. The bacterial isolates that formed halos around their colonies were considered as phosphate solubilizing strains. Ammonia production was tested as previously described \[[@pone.0182302.ref031]\]. The rhizobacterial isolates were also screened for ACC deaminase (1-Aminocyclopropane-1-carboxylate deaminase) activity by using Dworkin and Foster (DF) minimal salts media \[[@pone.0182302.ref032]\] supplemented with 3 mM ACC as the sole nitrogen source \[[@pone.0182302.ref033]\].

Quantitative assay for PGP traits {#sec011}
---------------------------------

### IAA production {#sec012}

The quantification of IAA was done by inoculation of the purified rhizobacterial isolates in M9 glucose minimal salts media \[[@pone.0182302.ref034]\] supplemented with L-tryptophan (100 μg mL^-1^). The L-tryptophan solution was filter-sterilized by using 0.2 μm membrane filters. The bacterial cultures were grown for 72 h and harvested by centrifugation (12000 rpm for 15 min at 4°C). To estimate IAA production, the bacterial supernatant was mixed with the Salkowski's reagent (48 mL 35% HClO~4~ containing 2 mL 0.5 M FeCl~3~) in 1:2 ratio (bacterial supernatant: reagent) at room temperature. After 25 min, the mixture was quantified at 530 nm in 96 well microtiter plates by using the multimode reader (Varioskan flash, Thermo Scientific, USA) with three replicates \[[@pone.0182302.ref029]\]. Development of pink or red colour indicates IAA production. The concentration of IAA produced by the bacterial isolates was compared by extrapolating in the standard curve prepared by using commercial IAA at different concentrations (Sigma, Aldrich, USA).

### Phosphate solubilization {#sec013}

The estimation of tri-calcium phosphate solubilisation in Pikovskaya\'s liquid medium was carried out with slight modification as described by Fiske and Subbarow \[[@pone.0182302.ref035]\] using ammonium molybdate reagent. The absorbance was measured at 650 nm in three replicates using the multimode reader (Varioskan flash, Thermo Scientific, USA) and the degree of phosphate solubilisation of each isolate was obtained by using the calibration curve prepared by using KH~2~PO~4~. The variation in pH of Pikovskaya\'s medium during the growth of each isolate was observed.

### Ammonia production {#sec014}

The bacterial isolates were grown in the peptone water broth for 48--72 h at 30°C. After centrifugation, the bacterial supernatant was mixed with Nessler's reagent. Development of brown to yellow colour indicates the presence of ammonia. The absorbance was measured at 450 nm using the multimode reader (Varioskan flash, Thermo Scientific, USA) with three replicates. To estimate the amount of ammonia production by the isolates, a standard curve of ammonium sulphate was prepared \[[@pone.0182302.ref036]\].

Plant growth promotion assay in nursery conditions {#sec015}
--------------------------------------------------

The plant growth promotion experiment in nursery conditions was carried out in Kopati tea estate nursery which is located in Darrang district, Assam, India during 15^th^ July 2015 to 20^th^ January 2016. The experiment was conducted in two different types of tea clones used for commercial cultivation i.e. TV-1 (Assam-China hybrid standard clone) and Teenali-17 released by Tocklai Tea Research Institute (TTRI), Jorhat, Assam, India. Six months old tea clones of approximately equal sizes were selected for this experiment and the clones were maintained in polyethylene sleeves of size 15--17.7 cm layflat, 20--25 cm long and 150 gages thick. The experiment was set up in completely randomized block design. Each block had total of 30 plants in three replicates i.e., one replicate had 10 tea plants. Thirteen blocks were made for each tea clone i.e. total 26 blocks were made for two tea clones. There were 13 different treatments for 13 blocks including one block for commercial fertilizer and one block for the untreated control plants.

The selected bacterial inoculums were grown on nutrient broth (HiMedia, India) for 48 h and 180 rpm continuous shaking at 30°C. The bacterial cells were centrifuged at 12,000 rpm for 15 min and the pellets were diluted with sterile distilled water to make a final concentration of 10^8^−10^9^ CFU mL^-1^. The resulting bacterial cell suspensions, 100 mL/plant were used as a soil drench \[[@pone.0182302.ref004], [@pone.0182302.ref005]\] to treat tea plants under nursery conditions only once. The soil of the tea sleeves was non-sterile. The plants were harvested after 6 months of inoculation. Shoot and root length, fresh and dry shoot and root weight and the number of tea leaves were compared with the commercial fertilizer and uninoculated control plants. Fresh shoots and roots weight was immediately taken after the harvest of the tea plants. The roots and shoots were completely dried under hot air oven at 50°C for few days to take the dry roots and shoots weight. The weight of the dry roots and shoots were measured every day until there was no significant weight difference observed. The treatment details for PGP assay in nursery condition are as follows:

Treatment details {#sec016}
-----------------

1.  Control: Sterile nutrient broth medium without bacterial inoculums

2.  CF: Commercial fertilizer (N:P:K in 2:1:2 mixture)\*

3.  T1: Treatment 1 (strain TTD5)

4.  T2: Treatment 2 (strain TTD21)

5.  T3: Treatment 3 (strain BT22)

6.  T4: Treatment 4 (strain NT5)

7.  T5: Treatment 5 (strain TTD5+ strain TTD21)

8.  T6: Treatment 6 (strain TTD5+ strain BT22)

9.  T7: Treatment 7 (strain TTD5+ strain NT5)

10. T8: Treatment 8 (strain TTD21+ strain BT22)

11. T9: Treatment 9 (strain TTD21+ strain NT5)

12. T10: Treatment 10 (strain BT22+ strain NT5)

13. T11: Treatment 11 (strain TTD5+ strain TTD21+ strain BT22 + strain NT5)

\*Young tea dose of 20 g/tree was applied as recommended by TTRI, Jorhat, Assam India "Field Management Notes".

Molecular characterization and phylogenetic analysis {#sec017}
----------------------------------------------------

### DNA extraction and 16S rRNA gene amplification {#sec018}

Genomic DNA of rhizobacterial isolates were extracted by using QIAamp DNA mini kit (Qiagen, India) according to manufacturer's instructions and analyzed by 0.8% agarose gel. The purity and quantity of the DNA were checked in Nanodrop spectrophotometer (Thermo Scientific, USA). The DNA yield was quantified in ng mL^-1^ and the purity was assessed at a 260/280 nm absorbance ratio. The PCR amplification of 16S rRNA gene was performed using universal primers PA (`5′-AGAGTTTGATCCTGGCTCAG-3′`) and 1492R (`5′-GGTTACCTTGTTACGACTT-3′`) as previously described \[[@pone.0182302.ref037]\].

### Amplified Ribosomal DNA Restriction Analysis (ARDRA) {#sec019}

The 16S rRNA gene PCR product was purified by GenElute PCR clean up kit (Sigma-Aldrich, USA) and 20 μL of the purified PCR products were digested by 1.5 U of three different restriction enzymes *Hae*III, *Msp*I, *Hinf*I (New England Biolabs, UK) according to manufacturer's instruction and incubated for 3 h at 37°C. The resulting digested fragments together with 100 bp marker (Merck Genei, India) were resolved by gel electrophoresis at 60 V on 2% agarose gels in 1XTAE buffer containing 10 μg mL^-1^ ethidium bromide. After electrophoresis, the gel was visualized under gel documentation system (Bio-Rad, USA) and analysed by software NTSYS-pc version 2.02. (Applied Biostatistics Inc., New York).

### BOX-PCR fingerprinting {#sec020}

The genotypic analysis of bacterial isolates by rep PCR using BOX-A1R primer (`5′-CTACGGCAAGGCGACGCTGACG-3′`) was carried out as described previously \[[@pone.0182302.ref038]\]. The PCR product along with 500 bp DNA ladder (Merck Genei, India) was subjected to electrophoresis using 2% agarose gel stained with 10 μg mL^-1^ ethidium bromide in 1XTAE buffer. The gels were observed under the gel documentation system (Bio-Rad, USA) and the generated fingerprints were analysed by hierarchical clustering using Phoretix 1D Pro gel analysis software (TotalLab Ltd, Newcastle upon Tyne, England).

### Phylogenetic analysis {#sec021}

The rhizobacterial isolates from each representative clade were selected based on the BOX-PCR and ARDRA analysis. The 16S rRNA gene for the selected isolates was sequenced by Scigenom sequence service provider (Scigenom Labs Pvt. Ltd., Cochin, India). The nucleotide sequences were compared against nucleotide databases using the NCBI BLASTn and EzTaxon server 2.1 programs to identify the closest known taxa \[[@pone.0182302.ref039]\]. The 16S rRNA gene along with their closest homology sequences were aligned using multiple sequence alignment program CLUSTAL W algorithm implemented in MEGA 6 software by using default parameters \[[@pone.0182302.ref040]\]. The phylogenetic tree was constructed by neighbour-joining (NJ) method using MEGA 6 program and evolutionary distances were computed with the help of Kimura\'s 2 parameter models \[[@pone.0182302.ref041]\]. The bootstrap analysis with 1000 replications using *p*-distance model was performed based on the original dataset to estimate the confidence of a particular clade \[[@pone.0182302.ref042]\]. The 16S rRNA gene sequences obtained in the present study was submitted to GenBank under accession numbers KX373959-KX373991.

Detection of chitinase gene of potential chitinase producing strains {#sec022}
--------------------------------------------------------------------

The glycoside hydrolase family 18 group A bacterial chitinase gene was amplified by using degenerate primer pair GA1F and GA1R as previously described \[[@pone.0182302.ref043]\]. The 10 μL of PCR reaction mixture contained 1 μL of 10X Taq DNA buffer, 2.5 mM dNTP mix, 0.2 μM of primers, 1U *Taq* DNA polymerase and 10 ng of bacterial genomic DNA. The amplification was carried out in proflex PCR system (Applied Biosystems, USA) using the following conditions: initial denaturation at 95°C for 5 min; 35 cycles of 1 min at 95°C, 30 sec at 60°C and 1 min at 72°C; final extension at 72°C for 7 min. The amplified product was resolved on 2% agarose gel in 1X TAE buffer and visualized under the gel documentation system (Bio-Rad, USA).

Data analysis {#sec023}
-------------

The isolates showing antagonistic activity against the different fungal pathogens were represented as Venn diagram using the multiple dataset analysis features of Vennture software \[[@pone.0182302.ref044]\]. The Shannon-Wiener diversity index (H) along with the evenness index (E) was calculated \[[@pone.0182302.ref045]\]. The means and standard deviations of the data were calculated. Analysis of variance (ANOVA) was performed in SPSS package (SPSS 18.0, SPSS Inc., Chicago, IL, USA) to study the level of significance for tea plant growth promotion experiment in nursery conditions. The significance of effects of the treatments was determined based on Duncan\'s multiple range tests at *P* \< 0.05. Principal component analysis (PCA) was performed on the datasets to evaluate the relationship between the samples to analyze the effect of bacterial treatment on plant growth promotion. The PCA was performed by MetaboAnalyst 3.0 software \[[@pone.0182302.ref046]\].

Results {#sec024}
=======

Isolation of rhizobacteria from tea rhizosphere soil {#sec025}
----------------------------------------------------

A total of 150 morphologically distinct rhizobacteria were isolated from seven different tea estates of Darjeeling using different isolation media. The population density of rhizobacterial isolates in tea rhizosphere soil ranged from 6×10^4^ to 3×10^6^ and the total number of isolates from each tea estate was enumerated ([Table 1](#pone.0182302.t001){ref-type="table"}). The pH of the soil samples was measured and the texture of the soil samples identified according to USDA soil classification \[[@pone.0182302.ref047]\].

*In vitro* antagonistic activity against fungal pathogens {#sec026}
---------------------------------------------------------

All 150 rhizobacterial isolates obtained were screened for the production of antifungal activity against six fungal pathogens. Forty eight (32%) isolates exhibited antagonistic activity against at least one of the test pathogens ([Fig 2](#pone.0182302.g002){ref-type="fig"} and [S1 Table](#pone.0182302.s003){ref-type="supplementary-material"}). Out of the 48 isolates, 33 (68.7%) isolates showed antagonism against *N*. *sphaerica*, 35 (72.9%) isolates showed activity against *P*. *theae*, 22 (45.8%) isolates showed activity against *C*. *eragrostidis*, 17 (35.4%) isolates showed activity against *G*. *cingulata*, 21 (43.7%) isolates showed activity against *R*. *solani* and 18 (37.5%) isolates showed activity against *F*. *oxysporum*. In addition, 15 (31.3%) isolates showed antagonistic activity against any four pathogens. Only two isolates (strains GN14 and TTD7) showed antagonistic activity against all the pathogens. These 48 isolates were further evaluated by subsequent *in vitro* experiments.

![Venn diagram representation of rhizobacterial isolates showing antagonistic activity against fungal pathogens.\
The Venn diagram shows the distribution of 48 antagonistic rhizobacterial isolates into 6 profiles which are representing the 6 test fungal pathogens. (\*2 isolates showed antagonistic activity against all the test fungal pathogens) (See [S1 Table](#pone.0182302.s003){ref-type="supplementary-material"}).](pone.0182302.g002){#pone.0182302.g002}

Antifungal and plant growth promoting (PGP) traits of antagonistic rhizobacteria {#sec027}
--------------------------------------------------------------------------------

### Quantitative estimation of siderophore production {#sec028}

The 48 rhizobacterial isolates showed siderophore production in the range from 12% to 45.6% of siderophore units. Only 11 (22.9%) isolates were able to produce 30% or more siderophore units and 5 isolates produced more than 40% units of siderophore. Isolate TV1 showed the highest production of siderophore units i.e. 45.6% ([Table 2](#pone.0182302.t002){ref-type="table"}).

10.1371/journal.pone.0182302.t002

###### Screening of selected rhizobacteria for PGP and antifungal traits.

![](pone.0182302.t002){#pone.0182302.t002g}

  Sl No   Strain code   PGP traits   Antifungal traits                                                             
  ------- ------------- ------------ ------------------- ----------- ------- ------------- ------- ------- ------- -------
  1       TTD1          21.2 ± 0.2   107.1 ± 0.1         2.3 ± 0.1   **+**   22.9± 0.3     **+**   **-**   **-**   **+**
  2       TTD2          15.2 ± 0.2   176.8 ± 0.1         5.6 ± 0.3   **+**   28.5% ± 0.5   **-**   **-**   **-**   **-**
  3       TTD3          13.7 ± 1.4   108.9 ± 0.1         5.6 ± 0.1   **+**   20% ± 2.4     **-**   **-**   **+**   **-**
  4       TTD5          20.6 ± 0     187.3 ± 0.2         5.4 ± 0.1   **+**   45.3± 0.3     **+**   **-**   **-**   **+**
  5       TTD7          73.1 ± 0.2   187.7 ± 0.1         6 ± 0.2     **+**   37.7% ± 0     **+**   **-**   **+**   **+**
  6       TTD8          28.1 ± 0.8   67.2 ± 0.2          5.7 ± 0.2   **-**   12% ± 0.3     **-**   **+**   **-**   **-**
  7       TTD10         16.4 ± 0.2   121.4 ± 0           5.9 ± 0.1   **+**   22.8% ± 0.2   **-**   **+**   **-**   **-**
  8       TTD14         33.3 ± 0.2   155.9 ± 0.1         5.1 ± 0.2   **+**   24.7% ± 0.9   **-**   **+**   **-**   **-**
  9       TTD15         37.6 ± 1.9   112.5 ± 0.1         5.9 ± 0.1   **+**   44.5% ± 2.4   **-**   **+**   **-**   **-**
  10      TTD16         17.2 ± 0.7   68 ± 0              5.9 ± 0.2   **+**   22.9% ± 0.3   **-**   **-**   **+**   **-**
  11      TTD19         57.8 ± 2     242.7 ± 0.2         4.5 ± 0.2   **+**   22.2% ± 0.3   **+**   **-**   **-**   **+**
  12      TTD21         11.4 ± 0.8   89.3 ± 0.1          6 ± 0       **+**   23.3% ± 0.3   **-**   **+**   **-**   **-**
  13      BT2           24.6 ± 1.6   175.2 ± 0.1         5.7 ± 0.1   **-**   24.5% ± 2.5   **-**   **-**   **+**   **-**
  14      BT4           18.6 ± 0.4   47.9 ± 0.1          5.8 ± 0.2   **-**   23.5% ± 1.3   **-**   **-**   **-**   **-**
  15      BT6           28.7 ± 1.4   158.3 ± 0.1         6 ± 0.3     **-**   30.2% ± 1     **+**   **-**   **+**   **+**
  16      BT13          13.4 ± 0.2   123.6 ± 0.1         5.9 ± 0.4   **-**   18.8% ± 1.1   **-**   **-**   **+**   **-**
  17      BT15          27.6 ± 2.2   143.8 ± 0.1         5.3 ± 0.1   **+**   28.8% ± 1.1   **+**   **-**   **+**   **+**
  18      BT19          23.9 ± 0.8   119.2 ± 0.1         5.9 ± 0.4   **+**   35.5% ± 3.3   **-**   **-**   **-**   **-**
  19      BT20          14.6 ± 1.6   57.2 ± 0.1          5.8 ± 0.3   **+**   25.7% ± 1.4   **-**   **-**   **+**   **-**
  20      BT22          29.8 ± 0.3   102.2 ± 0           5.8 ± 0.2   **+**   21% ± 2.4     **-**   **+**   **+**   **-**
  21      GN2           17.3 ± 0.3   113.7 ± 0.1         5.6 ± 0.2   **+**   26% ± 2.9     **-**   **+**   **+**   **-**
  22      GN6           26.6 ± 0.1   76.2 ± 0.2          5.4 ± 0.2   **+**   43.3% ± 2.3   **-**   **-**   **+**   **-**
  23      GN9           12.8 ± 0.8   181.4 ± 0.1         5.5 ± 0.2   **+**   18.1% ± 0.1   **-**   **+**   **-**   **-**
  24      GN10          26.3 ± 0.2   89.2 ± 0            5.3 ± 0.1   **+**   18.5% ± 0.5   **-**   **+**   **-**   **-**
  25      GN14          47.7 ± 2.1   254.7 ± 0.1         5.5 ± 0.4   **+**   39.7% ± 2.3   **+**   **-**   **+**   **+**
  26      GN17          15.1 ± 0     122.9 ± 0.1         5.5 ± 0.4   **+**   18.5% ± 0.5   **-**   **+**   **+**   **-**
  27      GT4           12.8 ± 1     115.9 ± 0           6 ± 0       **+**   17.9% ± 1.3   **+**   **-**   **-**   **+**
  28      GT7           37.2 ± 0.6   245.9 ± 0.1         6 ± 0.1     **+**   27.4% ± 0.8   **-**   **+**   **+**   **-**
  29      GT12          16.4 ± 0.3   230.7 ± 0.2         5.4 ± 0.2   **+**   18.1% ± 0.1   **-**   **+**   **-**   **-**
  30      GT15          14.2 ± 0.8   137.2 ± 0.1         5.7 ± 0.5   **+**   18.1% ± 0.1   **+**   **-**   **+**   **+**
  31      GT20          36.1 ± 0.8   180 ± 0.1           5.8 ± 0.2   **+**   27.9% ± 0.1   **+**   **+**   **-**   **+**
  32      GT22          9.9 ± 0.8    166.5 ± 0.1         5.8 ± 0.3   **+**   22.2% ± 0.3   **+**   **-**   **+**   **+**
  33      GT32          34.3 ± 1.7   204.9 ± 0.1         5.4 ± 0.3   **+**   20% ± 0.9     **+**   **+**   **+**   **+**
  34      GT33          31.8 ± 0.1   120.8 ± 0           6 ± 0.1     **+**   18.3% ± 2.4   **-**   **-**   **-**   **-**
  35      GT34          26.3 ± 0.3   167.7 ± 0.1         5.4 ± 0.4   **+**   22.8% ± 0.2   **-**   **-**   **-**   **-**
  36      GT35          15.1 ± 0     100.8 ± 0.1         5.9 ± 0.2   **+**   22.5% ± 0.2   **-**   **-**   **-**   **-**
  37      TV1           57.9 ± 0.5   186.8 ± 0           5.5 ± 0.2   **+**   45.6% ± 1.6   **+**   **+**   **+**   **+**
  38      TV2           14.6 ± 0.7   97.1 ± 0.1          5.4 ± 0.4   **-**   21% ± 0.4     **-**   **+**   **+**   **-**
  39      TV7           26.9 ± 0.8   125.4 ± 0.1         5.5 ± 0.4   **-**   31.9% ± 0.1   **-**   **-**   **+**   **-**
  40      TV9           26 ± 0.8     173 ± 0.1           5.5 ± 0.4   **-**   28.7% ± 0.3   **-**   **-**   **-**   **-**
  41      TV13          13.1 ± 0.1   124.2 ± 0           5.5 ± 0.2   **-**   23.6% ± 0.9   **-**   **+**   **+**   **-**
  42      TV15          18.1 ± 0.2   74.9 ± 0            4.5 ± 0.2   **-**   23.4% ± 0.3   **-**   **-**   **-**   **-**
  43      NT4           34.4 ± 0.1   234.7± 0.1          6.2 ± 0.2   **+**   33.8% ± 0.7   **+**   **-**   **+**   **+**
  44      NT5           26.8 ± 0.7   124 ± 0.1           4.3 ± 0.3   **-**   21.7% ± 0.6   **-**   **-**   **-**   **-**
  45      NT8           12.8 ± 0.8   65.5 ± 0            5.5 ± 0.4   **+**   24% ± 0.7     **-**   **-**   **-**   **-**
  46      RR10          12.6 ± 1.2   132.3 ± 0           3.8 ± 0.1   **+**   18.1% ± 0.4   **-**   **-**   **+**   **-**
  47      RR14          29 ± 0       177.8 ± 0           4.8 ± 0.2   **-**   18.1% ± 0.3   **-**   **-**   **+**   **-**
  48      RR16          34.1 ± 0.2   117.7 ± 0.1         5.7 ± 0.2   **+**   17.8% ± 0.7   **-**   **+**   **+**   **-**

\*Mean value (all values are triplicate) ± Standard deviation (SD), + means positive activity and---means no activity

### Quantitative estimation of IAA production, phosphate solubilization and ammonia production {#sec029}

Out of the 48 isolates, 12 (25%) isolates showed 30 μg mL^-1^ or more IAA production and isolate TTD7 showed the maximum IAA production (73.1 μg mL^-1^). Most of the isolates exhibited good phosphate solubilization and 6 isolates showed phosphate solubilization up to 200 μg mL^-1^ or more. Amongst all, isolate GN14 showed the highest phosphate solubilization with 254.7 μg mL^-1^. The ammonia production was observed in the range of 2.3 μmol mL^-1^ to 6.2 μmol mL^-1^ and most of the isolates showed 5 μmol mL^-1^ or more ammonia production. Isolate NT4 produced maximum ammonia with 6.2 μmol mL^-1^ among all the isolates ([Table 2](#pone.0182302.t002){ref-type="table"}).

### Screening of rhizobacteria for chitinase, protease, cellulase and ACC deaminase production {#sec030}

All the 48 isolates were screened for *in vitro* chitinase, protease, cellulase and ACC deaminase production. Fourteen (29%) isolates showed chitinase production and these isolates also showed the presence of glycoside hydrolase family 18 group A bacterial chitinase gene of size around 400 bp in PCR amplification ([S1 Fig](#pone.0182302.s001){ref-type="supplementary-material"}). Moreover, 18 (38%) isolates showed cellulase production, 25 (52%) isolates showed protease production and 36 (75%) isolates showed ACC deaminase activity ([Table 2](#pone.0182302.t002){ref-type="table"}).

Assessment of the potent rhizobacteria showing *in vitro* antifungal and PGP traits {#sec031}
-----------------------------------------------------------------------------------

To select the most promising isolates showing antagonistic activity along with PGP traits among the selected rhizobacteria, an assessment was made by using bonitur scale \[[@pone.0182302.ref023], [@pone.0182302.ref048]\]. In this scale, points are assigned for each *in vitro* bacterial trait tested and the maximum possible bonitur score is 34 points. For the antifungal activity, the maximum point is three for each fungal pathogen and in this study, six fungal pathogens were used for the antifungal activity, thus totalling to 18 points. Production of an antifungal trait like siderophore is assigned three points, and along with that chitinase production, protease production and cellulase production are evaluated with one point each totalling to 6 points. The PGP traits like IAA production, phosphate solubilization and ammonia production are maximum three points each and ACC production is one point totalling to 10 points. The summation of total assessment point greater than or equal to 15, out of 34 is taking as a cut off for qualifying as promising rhizobacterial isolates. The assessment showed that out of the 48 isolates screened, 15 isolates qualified as promising isolates ([Table 3](#pone.0182302.t003){ref-type="table"}).

10.1371/journal.pone.0182302.t003

###### The most promising 15 isolates and their antagonistic activity, antifungal mechanisms along with their PGP traits and general assessment and ranking for their ability to function as PGPR.

![](pone.0182302.t003){#pone.0182302.t003g}

  StrainCode   Antagonistic activities   Antifungal traits   PGP traits   Total Ass. (34)[^o^](#t003fn015){ref-type="table-fn"}   Rank                                            
  ------------ ------------------------- ------------------- ------------ ------------------------------------------------------- ------ --- --- --- --- --- --- --- --- --- ---- --------
  GN14         3                         2                   3            3                                                       3      3   3   1   1   0   2   3   3   1   31   1^st^
  TTD7         3                         2                   3            3                                                       2      3   3   1   1   0   3   2   3   1   30   2^nd^
  TV1          3                         3                   2            0                                                       1      2   3   1   1   1   2   2   3   1   25   3^rd^
  TTD5         3                         1                   0            2                                                       3      3   3   1   0   0   1   2   3   1   23   4^th^
  GT7          0                         2                   3            2                                                       0      2   2   0   1   1   2   3   3   1   22   5^th^
  BT2          3                         0                   3            0                                                       3      3   2   0   1   0   1   2   3   0   21   6^th^
  NT4          2                         1                   3            0                                                       2      0   3   1   1   0   1   3   3   1   21   6^th^
  BT15         2                         1                   3            0                                                       3      0   2   1   1   0   1   2   3   1   20   7^th^
  GT20         2                         1                   2            0                                                       3      0   2   1   0   1   2   2   3   1   20   7^th^
  GT32         1                         2                   3            2                                                       0      0   1   1   1   1   1   3   3   1   20   7^th^
  TTD15        2                         1                   2            2                                                       0      2   3   0   0   0   2   1   3   1   19   8^th^
  GT34         3                         1                   3            3                                                       0      0   2   0   0   0   1   2   3   1   19   8^th^
  BT6          1                         2                   2            0                                                       3      0   2   1   1   0   1   2   3   0   18   9^th^
  TTD19        1                         1                   2            0                                                       1      0   1   1   0   0   2   3   2   1   15   10^th^
  TV9          0                         1                   2            1                                                       1      2   2   0   0   0   1   2   3   0   15   10^th^

^a^Ns---*Nigrospora sphaerica*,

^b^Pt---*Pestalotiopsis theae*,

^c^Ce---*Curvularia eragrostidis*,

^d^Gc---*Glomerellacingulata*,

^e^Rs---*Rhizoctonia solani*,

^f^Fo---*Fusarium oxysporum*,

^g^Sid---Siderophore production,

^h^Chi---Chitinase production,

^i^Pro---Protease production,

^j^Cel---Cellulase production,

^k^IAA---Indole acetic acid production,

^l^PS---Phosphate solubilization,

^m^Am---Ammonia production,

^n^ACC---ACC deaminase production,

^o^Total assessment score, GI---Growth inhibition.

Plant growth promotion assay in nursery conditions {#sec032}
--------------------------------------------------

For plant growth promotion experiment in nursery, four isolates TTD5, TTD21, BT22 and NT5 were selected. There were several other bacterial strains that showed more promising *in vitro* activity than the selected isolates as showed in the assessment table. However, the 16S rRNA gene sequencing and similarity search by BLASTn and EzTaxon revealed that those bacterial species are generally considered as human opportunistic pathogens. Furthermore, the above mentioned isolates were identified as *Brevibacillus agri* strain TTD5, *Aneurinibacillus aneurinilyticus* strain TTD21, *Sporosarcina koreensis* strain BT22 and *Bacillus megaterium* strain NT5 where no such human infections were reported and were considered as non pathogenic isolates. Therefore, these isolates were selected for tea nursery trials. The rhizobacterial isolates were inoculated individually and also by preparing different consortia as described previously in "treatment details". The inoculation of consortia containing all the four bacterial isolates (Treatment 11) in tea plants showed a significant (*P* \< 0.05) increase in root and shoot length, fresh and dry roots and shoots weight and the number of leaves as compared to the commercial fertilizer and uninoculated control plants ([Fig 3](#pone.0182302.g003){ref-type="fig"} and [S2 Fig](#pone.0182302.s002){ref-type="supplementary-material"}). For root and shoot length, the net length of the main roots and shoots were measured. However, the weight of the roots and shoots were measured including main and all the side roots and shoots. The PCA analysis also revealed that the microbial consortia (Treatment 11) and commercial fertilizer clustered closer to each other and the other treatments were clustered near to the uninoculated control ([Fig 4](#pone.0182302.g004){ref-type="fig"}).

![Evaluation of different PGP parameters to show the effect of treatments in two different varieties of tea clones TV-1 and Teenali-17in nursery conditions.\
(A) shoot length, (B) root length, (C) fresh shoot weight, (D) fresh root weight, (E) dry shoot weight, (F) dry root weight and (G) number of leaves. Values having different superscripts (a-i) differ significantly (*P* \< 0.05). \[Control (without bacterial inoculums), CF (N:P:K in 2:1:2 mixture), Treatment1 (strain TT5), Treatment 2 (strain TTD21), Treatment 3 (strain BT22), Treatment 4 (strain NT5), Treatment 5 (strain TTD5+ strain TTD21), Treatment 6 (strain TTD5+ strain BT22), Treatment 7 (strain TTD5+ strain NT5), Treatment 8 (strain TTD21+ strain BT22), Treatment 9 (strain TTD21+ strain NT5), Treatment 10 (strain BT22+ strain NT5) and Treatment 11 (strain TTD5+ strain TTD21+ strain BT22 + strain NT5)\].](pone.0182302.g003){#pone.0182302.g003}

![PCA analysis showed the effect of PGPR treatments on plant growth parameters of two different varieties of tea clones TV-1 and Teenali-17 in nursery conditions.\
The PCA analysis was performed taking the plant growth parameters of root and shoot length, fresh and dry roots and shoots weight and number of tea leaves. (A) and (B) showing the treatment 11 and commercial fertilizer (CF) clustered closer to each other which showed significantly increased in plant growth parameters than the control and other treatments. (The r1, r2, r3, r4 and r5 in the PCA plot are representing the five replications for each treatment). \[Control (without bacterial inoculums), CF (N:P:K in 2:1:2 mixture), Treatment1 (strain TT5), Treatment 2 (strain TTD21), Treatment 3 (strain BT22), Treatment 4 (strain NT5), Treatment 5 (strain TTD5+ strain TTD21), Treatment 6 (strain TTD5+ strain BT22), Treatment 7 (strain TTD5+ strain NT5), Treatment 8 (strain TTD21+ strain BT22), Treatment 9 (strain TTD21+ strain NT5), Treatment 10 (strain BT22+ strain NT5) and Treatment 11 (strain TTD5+ strain TTD21+ strain BT22 + strain NT5)\].](pone.0182302.g004){#pone.0182302.g004}

ARDRA, BOX-PCR fingerprinting and phylogenetic analysis {#sec033}
-------------------------------------------------------

The restriction digestion profiles of all the 48 selected antagonistic isolates were analysed and a dendrogram was constructed. The 48 isolates were divided into four major distinct clusters i.e., cluster A-D in the dendrogram ([Fig 5](#pone.0182302.g005){ref-type="fig"}). Among these four major clusters, B clustered with only *Pseudomonas* spp. and C clustered with only *Brevibacillus* spp. which was separated on the basis of their ARDRA banding patterns. The BOX-PCR fingerprinting of all the selected antagonistic isolates were performed and the bands of sizes between 500 bp to 5 kb were considered for scoring. The BOX-PCR generated a distinct variation in the banding pattern of the isolates indicating the presence of different genotypes among the isolates ([Fig 6](#pone.0182302.g006){ref-type="fig"}). For molecular identification, one representative isolate was selected from each clade of the dendrogram generated by BOX-PCR and ARDRA profiles. An NJ-dendrogram was generated using the sequences from the selected 33 rhizobacterial isolates and the representative sequences from the databases ([Fig 7](#pone.0182302.g007){ref-type="fig"} and [Table 4](#pone.0182302.t004){ref-type="table"}).

![Dendrogram generated using Dice similarity coefficient index from ARDRA banding patterns of the rhizobacterial isolates using NTSYS 2.02 software.\
Based on the dendrogram generated the rhizobacterial isolates are divided into four major clusters A, B, C and D where B clustered with only *Pseudomonas* spp. and C clustered with only *Brevibacillus* spp.](pone.0182302.g005){#pone.0182302.g005}

![Dendrogram generated using Dice similarity coefficient index from BOX-PCR genomic fingerprints of rhizobacterial isolates using Phoretix 1D software.](pone.0182302.g006){#pone.0182302.g006}

![NJ-phylogenetic tree showing the evolutionary relationship between selected potential PGPR isolates and reference strains from GenBank database.\
The bar represents 0.05 substitutions per site, bootstrap values (*n* = 1000) are displayed.](pone.0182302.g007){#pone.0182302.g007}

10.1371/journal.pone.0182302.t004

###### Molecular identification of 16S rRNA gene of potent rhizobacteria, sequence accession numbers and their origin.

![](pone.0182302.t004){#pone.0182302.t004g}

  Sl No   Strain Code   GenBank accession no.   Base pair length   Closest sequence similarity (%)             Origin
  ------- ------------- ----------------------- ------------------ ------------------------------------------- ----------------------------
  1       TTD1          KX373959                1405               *Staphylococcus saprophyticus* (100%)       North-Tukvar tea estate
  2       TTD2          KX373960                1406               *Serratia marcescens* (99.7%)               North-Tukvar tea estate
  3       TTD5          KX373961                1376               *Brevibacillus agri* (99.2%)                North-Tukvar tea estate
  4       TTD7          KX373962                1330               *Serratia marcescens* (99.9%)               North-Tukvar tea estate
  5       TTD8          KX373963                1405               *Yokenella regensburgei* (99.5%)            North-Tukvar tea estate
  6       TTD10         KX373964                1391               *Klebsiella michiganensis* (99.7%)          North-Tukvar tea estate
  7       TTD14         KX373965                1409               *Serratia marcescens* (99.7%)               North-Tukvar tea estate
  8       TTD15         KX373966                1402               *Bacillus cereus* (100%)                    North-Tukvar tea estate
  9       TTD19         KX373967                1330               *Serratia marcescens* (100%)                North-Tukvar tea estate
  10      TTD21         KX373968                1401               *Aneurinibacillus aneurinilyticus* (99.8)   North-Tukvar tea estate
  11      BT2           KX373969                1409               *Serratia marcescens* (99.7%)               Barnesbeg tea estate
  12      BT6           KX373970                1403               *Enterobacter* sp. (99.4%)                  Barnesbeg tea estate
  13      BT15          KX373971                1408               *Serratia marcescens* (99.9%)               Barnesbeg tea estate
  14      BT19          KX373972                1397               *Staphylococcus equorum* (100%)             Barnesbeg tea estate
  15      BT22          KX373973                1398               *Sporosarcina koreensis* (99.9%)            Barnesbeg tea estate
  16      GN2           KX373974                1416               *Bacillus toyonensis* (99.9%)               Ging tea estate
  17      GN6           KX373975                1377               *Pseudomonas monteilii* (99.7%)             Ging tea estate
  18      GN10          KX373976                1396               *Bacillus cereus* (99%)                     Ging tea estate
  19      GN14          KX373977                1389               *Enterobacter aerogenes* (99.6%)            Ging tea estate
  20      GT7           KX373978                1402               *Staphylococcus cohnii* (99.9%)             Gielle tea estate
  21      GT12          KX373979                1416               *Bacillus toyonensis* (99.9%)               Gielle tea estate
  22      GT20          KX373980                1394               *Brevibacillus agri* (99.5%)                Gielle tea estate
  23      GT32          KX373981                1402               *Bacillus cereus* (99%)                     Gielle tea estate
  24      GT33          KX373982                1382               *Burkholderia territorii* (100%)            Gielle tea estate
  25      GT34          KX373983                1418               *Staphylococcus cohnii* (100%)              Gielle tea estate
  26      NT4           KX373984                1404               *Bacillus cereus* (100%)                    Namringtea estate
  27      NT5           KX373985                1416               *Bacillus megaterium* (100%)                Namringtea estate
  28      RR10          KX373986                1386               *Achromobacter xylosoxidans* (99.7%)        Rangli-Rangliot tea estate
  29      RR16          KX373987                1398               *Serratia marcescens* (99.7%)               Rangli-Rangliot tea estate
  30      TV1           KX373988                1405               *Enterobacter cancerogenus* (99.4%)         Teesta Valley tea estate
  31      TV2           KX373989                1370               *Bacillus thuringiensis* (99.4%)            Teesta Valley tea estate
  32      TV9           KX373990                1361               *Pseudomonas hunanensis* (99.8%)            Teesta Valley tea estate
  33      TV15          KX373991                1414               *Staphylococcus equorum* (99.8%)            Teesta Valley tea estate

Discussion {#sec034}
==========

The Darjeeling hill area is situated in the foothills of the Himalayas with a geographical topology which provides the Darjeeling tea its unique identity. The climatic condition of the region also contributed to the inimitable flavour and aroma of Darjeeling tea. However, the geographical location and the climatic condition of Darjeeling are also congenial to different fungal infestations in tea plants. In addition, the regular use of chemicals as fertilizers, fungicides and pesticides in tea growing areas has indirectly had a negative impact on the environment \[[@pone.0182302.ref005]\]. Therefore, there is an immediate need to reduce the use of chemical inputs for a sustainable approach to tea cultivation. The commercial potential of PGPR application has been demonstrated in different agricultural crops and due to which some of the microbial-based bio-formulations have been commercialized \[[@pone.0182302.ref049]\]. After the literature review, it has been found that very little data on tea crop associated PGPR are available, especially in Northeast India.

In our study, 48 promising rhizobacterial isolates were selected out of total 150 isolates on the basis of *in vitro* antifungal and PGP assays. These isolates have exhibited multifarious antifungal traits like siderophore production, production of different hydrolytic enzymes such as chitinase, protease and cellulose which help in fungal cell wall degradation. In addition, these isolates also produced different PGP traits like IAA, ammonia, ACC deaminase and phosphate solubilization. The genetic diversity among the 48 potential PGPR isolates was studied and documented by using ARDRA and BOX-PCR genotyping analysis. Analysis of culturable bacterial diversity by these molecular tools is very suitable and convenient for species-specific fingerprint and phylogenetic analysis \[[@pone.0182302.ref038]\]. However, this result gives partial information concerning the culturable bacterial composition in the tea rhizosphere soil. The culture dependent method has some limitations such as many species fail to grow on the plate surface at all of a given medium and may be the dominant species on the plate surface are less which underestimate the richness of the sample \[[@pone.0182302.ref050]\]. Though the culturable techniques have some limitations to estimate the microbial population in environmental samples, however, it has the potential to demonstrate to retrieve both abundant and rare taxa in different environmental samples \[[@pone.0182302.ref051]\]. Thirty three representative isolates were selected from each group of the dendrogram generated by BOX-PCR genotyping and ARDRA profile, and they were identified by 16S rRNA gene sequencing. The BLAST similarity searches and phylogenetic analysis revealed that these 33 isolates belonged to 12 different genera. Out of these 33 isolates, 8 (24.2%) isolates belonged to genus *Bacillus*, 7 (21.2%) were from genus *Serratia*, 5 (15.2%) from genus *Staphylococcus*, 3 (9.1%) from genus *Enterobacter*, 2 (6.1%) each from genera *Brevibacillus* and *Pseudomonas*, and 1 (3.0%) isolate each belonged to genera *Burkholderia*, *Achromobacter*, *Klebsiella*, *Yokenella*, *Aneurinibacillus* and *Sporosarcina*. ARDRA profile divided these isolates into four major clusters A, B, C and D where B clustered with only *Pseudomonas* spp. and C clustered with only *Brevibacillus* spp. The Shannon-Wiener diversity index and evenness index based on the number of isolates belonging to each group of BOX-PCR and ARDRA profiles was found H = 2.17 and E = 0.88 respectively. Genetic diversity of our study showed that the genus *Bacillus* is the most abundant in tea rhizosphere soil. *Bacillus* and *Bacillus*-derived genera were also previously reported in different crops as dominant genera of rhizosphere soil. In 2008, Beneduzi et al. \[[@pone.0182302.ref017]\] reported *Bacillus* genus as the most abundant group among the PGPR isolated from rice. Similarly, in 2009, Upadhyay et al. \[[@pone.0182302.ref015]\] documented that the *Bacillus* genus was dominant in root-adhering soil of wheat under the saline condition. Jin et al. \[[@pone.0182302.ref021]\] and Fan et al. \[[@pone.0182302.ref052]\] also reported that *Bacillus* is the major genus associated with the rhizosphere soil of tobacco and *Panax notoginseng* plants.

The PGPR isolates were assessed by bonitur assessment scale and were also ranked on the basis of their *in vitro* PGP and antifungal assay as shown in [Table 3](#pone.0182302.t003){ref-type="table"}. Fifteen isolates showed the most promising *in vitro* activity among the 48 PGPR isolates. However, the 16S rRNA gene sequencing of these isolates showed that most of the isolates belonged to *Enterobacter aerogenes*, *Serratia marcescens*, *Staphylococcus cohnii* and *Bacillus cereus*. From the BLAST and Ez-Taxon results, the 1st ranked isolate of assessment table, GN14 was 99.6% similar to *E*. *aerogenes*, the 2nd ranked isolate TTD7 was 99.9% similar to *S*. *marcescens*, 3rd ranked isolate TV1 was 99.4% similar to *E*. *cancerogenus*. These isolates were reported as promising PGPR in different crops including the tea plants. In 2016, Singh and Jha \[[@pone.0182302.ref053]\] reported that *S*. *marcescens* CDP-13 showed multifarious PGP activity and induced systemic resistance and enhanced salinity tolerance in wheat (*Triticum aestivum* L.). In 2013, Chakraborty et al. \[[@pone.0182302.ref005]\] reported that *S*. *marcescens* TRS-1 showed promising *in vitro* and antifungal activity and growth in the tea plants in field condition. George et al. \[[@pone.0182302.ref054]\] documented that *S*. *marcescens* KiSII and *Enterobacter* sp. RNF 267, which were isolated from the rhizosphere of coconut palms (*Cocos nucifera* L.), possessed diverse PGP traits. *E*. *cancerogenus* MSA2 was reported as PGPR, which stimulated the growth of *Jatropha curcas* \[[@pone.0182302.ref055]\]. *E*. *aerogenes* strain R43 isolated from Brazil Pine (*Araucaria angustifolia*) tree also showed very promising PGP activity \[[@pone.0182302.ref056]\]. Though these isolates were reported as a PGPR in different field crops, they were considered as human opportunistic pathogens. There were several reports on the pathogenicity of these isolates. *E*. *aerogenes* was isolated from respiratory, urinary, blood and gastrointestinal tract as human clinical specimens \[[@pone.0182302.ref057]\]. *S*. *marcescens* was also reported as a common cause of urinary tract and ocular lens infections \[[@pone.0182302.ref058]\]. Similarly, osteomyelitis caused by *E*. *cancerogenus* infection was also reported \[[@pone.0182302.ref059]\]. Therefore, tea plant growth promotion experiments in nursery conditions, the four isolates *B*. *agri* TTD5, *A*. *Aneurinilyticus* TTD21, *S*. *koreensis* BT22 and *B*. *megaterium* NT5 were selected. Review of the relevant literature showed no reports about these isolates as human opportunistic pathogens and these might therefore be considered as non-pathogenic isolates.

The selected isolates also showed multifarious *in vitro* PGP activity and enhanced the tea plant growth in nursery conditions. Among the four selected PGPR isolates, the isolate *B*. *agri* TTD5 exhibited *in vitro* chitinolytic activity and also showed the presence of glycoside hydrolase family 18 group A bacterial chitinase gene which proved the involvement of chitinolytic metabolites in this antifungal activity. Moreover, these isolates produced cellulase and protease as extracellular lytic enzymes that can degrade several components present in the cell walls of fungi and oomycetes \[[@pone.0182302.ref060]\]. Consequently, the isolate *B*. *agri* TTD5 showed very promising *in vitro* antifungal activity against *N*. *sphaerica*, *P*. *theae*, *G*. *cingulata*, *R*. *solani* and *F*. *oxysporum*. This may be due to the production of this wide array of extracellular enzymes. The isolates also produced different PGP traits viz., IAA, phosphate solubilization, ACC deaminase production, ammonia production and siderophore production. IAA is a vital phytohormone that plays an important role in plant growth and development. Rhizobacteria with IAA production property helps in increasing the root length and surface area, and also loosens plant cell walls, which facilitates better access to soil nutrients and establishes intense plant-microbe interaction by accumulating more root exudates \[[@pone.0182302.ref061]\]. Phosphate solubilization is another important mechanism of plant growth promotion by root-associated bacteria; in which rhizobacteria solubilize phosphate by producing low molecular weight organic acids which result in the acidification of the soil or media \[[@pone.0182302.ref062]--[@pone.0182302.ref064]\]. In our study PGPR isolates showed solubilization of tricalcium phosphate in the media with a significant decrease in pH. Ammonia production also plays an important role in plant growth by the accumulation of nitrogen and helps in promoting root and shoot growth and biomass production \[[@pone.0182302.ref065]\]. *A*. *aneurinilyticus* TD21 showed higher ammonia production i.e. 6 μmol mL^-1^ among the four selected PGPR. ACC deaminase is a very important enzyme related to stress relief and able to alleviate different types of biotic and abiotic stress such as effects of phytopathogenic microorganisms, stress from different heavy metals, radiation, polyaromatic hydrocarbons, high salt concentration, draught, temperature stress and flooding \[[@pone.0182302.ref066], [@pone.0182302.ref067]\]. Siderophore production is one of the important traits exhibited by PGPR. Siderophore produced by the PGPR bind the Fe^3+^ in the rhizosphere and efficiently prevent the propagation of fungal pathogens by depriving them of available iron \[[@pone.0182302.ref068], [@pone.0182302.ref069]\]. The PGPR isolates in our study showed promising siderophore production, which implies that these isolates were also capable of preventing the growth of deleterious bacteria in rhizosphere soil.

Among the isolates selected for nursery experiment, *B*. *megaterium* was previously reported as PGPR isolated from tea rhizosphere soil by Chakraborty et al. \[[@pone.0182302.ref004]\] and Chakraborty et al. \[[@pone.0182302.ref019]\] for the tea growth promotion in field condition. Porcel et al. \[[@pone.0182302.ref070]\] reported that *B*. *megaterium* enhanced tomato plant growth. Similarly, *B*. *brevis* strain of the genus *Brevibacillus* was reported as potential PGPR for *Eucalyptus globules* \[[@pone.0182302.ref071]\] and cotton (*Gossypium hirsutum*) crop \[[@pone.0182302.ref072]\]. Though the genus *Brevibacillus* was reported as PGPR in different crops, *B*. *agri* has not been reported as PGPR yet. After reviewing of literature it has been found that strains of *A*. *aneurinilyticus* and *S*. *koreensis* were also not reported as PGPR. Hence, to the best of our knowledge, the selected PGPR isolates obtained in the present study are documented for the first time as PGPR.

We have previously reported that the inoculation of *Enterobacter lignolyticus* strain TG1 isolated from Assam tea rhizosphere soil showed plant growth promotion in three tea clones TV1, TV19 and TV20 in greenhouse condition \[[@pone.0182302.ref020]\]. Chakraborty et al. (2013) also reported that the inoculation of three potent PGPR strains enhanced plant growth in five tea varieties viz., TV-18, TV-23, TV-25, TV-26 and T-17 \[[@pone.0182302.ref005]\]. In the present study, we have evaluated the four selected bacterial inoculums and its various consortia in two different tea clones TV1 and Teenali-17 in nursery condition. The tea plant growth was evaluated by considering the plant growth parameters such as shoot and root length, fresh and dry shoots and roots weight and the number of leaves. The multivariate PCA analysis and ANOVA analysis were performed considering these growth parameters against all treatments in two different clones. These two analyses revealed that the plants inoculated with the commercial fertilizer and consortia of all the four PGPR isolates (treatment 11) showed significantly higher growth than the uninoculated control and other treatments in both the tea clones. The growth promoting experiment was performed in commercial nursery conditions using non-sterile soil. Tea growing soil microbial community is complex and varies in composition, which represents a real challenge in soil ecology. The application of bacterial inoculums consists of high densities of viable and efficient microbes for rapid colonization of the rhizosphere soil. However, any changes in the native microbial community structure due to the inoculation could be neutralized by ecosystem resilience which is driven by plant-soil-biota \[[@pone.0182302.ref073]\]. Since the bacterial inoculums treatment has shown the significant increase in different growth parameters of the tea plants. Therefore, the bacterial inoculums utilized in this nursery experiment were assumed to be shown synergistic PGP effect of the selected isolates, root colonization and competent with the other native soil microflora in the rhizosphere soil of the treated tea clones.

Conclusion {#sec035}
==========

In this study, the bacteria isolated from the tea rhizosphere soil of Darjeeling have shown multifarious PGP traits and antifungal activity. The genotyping study of the tea associated PGPRs revealed the culturable bacterial community present in the tea rhizosphere soil of the Darjeeling tea estates in West Bengal, India. Exploration of region-specific tea associated microorganisms having PGP and biocontrol potential is important to obtain suitable formulations helpful in integrated nutrient management (INM) and integrated disease management (IDM) strategies. Thus, in the present study the efficient PGPR isolates evaluated in nursery conditions have commercial potential for development of microbial-based bio-formulation and application of these biofertilizers may result in a substantial decrease in the use of chemical fertilizer for the tea growing areas. However, different multi-locational field trials and the interaction of these PGPRs with other native soil microflora have to be evaluated in future to establish these PGPRs.
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###### PCR amplification of glycoside hydrolase family 18 group A bacterial chitinase.

(M-100bp Ladder, 1--14 gene amplicons of size around 400 bp of 14 chitinase positive samples).

(TIF)

###### 

Click here for additional data file.

###### Evaluation of different treatments of PGPR in field experiment at Kopati tea estate in TV-1 and Teenali-17 tea clones.

\(A\) and (B) 6 months old tea plants with PGPR inoculation. (C) and (D) Tea plants after 6 months of PGPR inoculation. (E) Showing shoot and root length and the number of the leaves of control, commercial fertilizer and the treatment 11 harvested tea plants after 6 months of treatment.

(TIF)

###### 

Click here for additional data file.

###### Antagonistic activity of rhizobacteria against fungal phytopathogens.

(PDF)

###### 

Click here for additional data file.
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